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Abstract
Carbonates are mostly produced in shallow-marine environments and their deposition is
sensitive to water depth changes on carbonate platforms. The water depth in depositional
environments of a particular carbonate platform is controlled by the interplay of eustatic sea-level
change, tectonic subsidence, platform morphology, and depositional rate. Due to the
morphological variations of carbonate platforms in different tectonic settings, facies distribution
across carbonate platforms varies significantly even during a single eustatic sea-level cycle.
Carbonate platforms developed on passive continental margins are thought to be the most stable
platforms and their facies distribution is commonly taken as examples in textbook depositional
models. Some studies, however, have documented significant variations in facies and cycles across
the passive-margin carbonate platforms, implying that the existing depositional models are overly
simplified. To better understand the facies and geochemical change across passive-margin
carbonate platforms, this dissertation applies three-dimensional (3D) modeling techniques to
visualize the internal facies and isotope change of the Darriwilian (Middle Ordovician; ca. 467–
458 Ma) carbonate platform in the southern Great Basin.
Lithological, sedimentological, and carbon and oxygen isotope (δ13Ccarb and δ18Ocarb) data
used for modeling were collected from nine sections including the Nopah Range (NR), Arrow
Canyon Range (AC), Meiklejohn (MJ), Pahranagat Range (PR), Shingle Pass (SP), Lone Mountain
(LM), Monitor Valley (MV) and Hot Creek Range (HC). Among these, the isotope data from the
Ibex Hills (IH) were analyzed in this study and those from the AC, PR, LM, MV, and HC sections
were unpublished data from previous students of Dr. Jiang’s Group. Isotope data from the MJ and
SP sections were from literature. In all these sections, the Darriwilian carbonate rocks are
unconformably overlain by the Eureka Quartzite, the base of which serves as a datum for
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stratigraphic correlation across the platform. The stratigraphic units belong to the upper Pogonip
Group and the age of these units is constrained by biostratigraphy of conodonts, brachiopod,
bivalves, gastropods, trilobites and calcareous algae.
The 3D modeling proceeded with data preparation, grid creation, data interpolation, and
quality check on modeling outputs. Data preparation involved extracting data from literature and
fieldwork examination in some of the sections. Grid creation was conducted using the Petrel
software with grids of 170 cells in the x-direction, 120 cells in the y-direction and 251 cells in the
z direction. The interpolation was conducted on all lithological, sedimentological, and δ13Ccarb and
δ18Ocarb data using the moving average geostatistical method. The modeling outputs were visually
checked with input data in each section to test the validity of the 3D modeling procedure.
Chemostratigraphic modeling used the global Darriwilian δ13Ccarb and δ18Ocarb curves
documented from Baltoscandia (BC) and summarized from well-preserved brachiopods,
respectively. The δ13Ccarb curve of the Darriwilian strata is divided into five isotope intervals in
Baltoscandia (BC1, BC2, BC3, BC4 and BC5; BC = Baltoscandia carbon isotope interval) that are
roughly correlatable across the Darriwilian platform in the southern Great Basin. In general, both
δ13Ccarb and δ18Ocarb values in the southern Great Basin are lower than those of the standardized
Darriwilian curves and the modeling results show large variations in both δ13Ccarb and δ18Ocarb
across the carbonate platform. The lower values in δ13Ccarb and δ18Ocarb in the Great Basin may
have been exerted by intensive bioturbation and organic matter respiration, along with potential
diagenetic alterations beneath the basal Eureka Quartzite unconformity. The spatial variations in
δ13Ccarb and δ18Ocarb may record isotope changes in locally restricted depositional environments on
the Darriwilian carbonate platform.
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Within the chemostratigraphic framework, facies modeling results show significant
variations in facies association and cyclicity across the Darriwilian carbonate platform. In general,
the northern and eastern areas are dominated by shallow-water facies (mostly intertidal to
supratidal), while the southern regions show frequent facies changes from BC1 to BC5. During
BC1 and BC2, facies show a general pattern that deepened from the north-northeast towards the
southern region. During BC3 and BC4, however, the southern area was dominated by shallowwater facies (supratidal and intertidal). During BC5, facies changed back to the southwarddeepening trend similar to that of BC1 and BC2 but had more inter-platform facies variations.
The modeled results also show temporal and spatial variations in meter-scale cycles. The
thicknesses of cycles in BC3 to BC4 intervals (10–15 m) are larger than those of BC1, BC2, and
BC5 (6–10 m). In the north and northwest regions, meter-scale cycles are absent (most likely
amalgamated) and only large-scale cycles (sequences) with a thickness of 20–50 m are recorded.
Based on the thickness of the Darriwilian strata and duration of this interval, the 20–50-m-thick
cycles recorded in the northern areas are most likely third-order cycles (sequences) correspondent
with major eustatic sea-level changes (>1-million-year duration) during the Darriwilian. The
temporal and spatial changes in facies and cyclicity suggest that even in a carbonate platform that
was developed in a passive continental margin, sedimentary facies distribution and platform
morphology may not have been as stable as previously thought. The morphological change of the
Darriwilian carbonate platform may record a local tectonic event or fast growth of a shelf margin
shoal complex in the southern part of the platform, which needs to be tested in future studies.
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Chapter 1
INTRODUCTION
In shallow-water carbonate platforms, meter-scale shallowing-upward cycles form in
response to relative sea-level changes (Goldhammer et al., 1990; Goldhammer et al., 1993). Meterscale cycles stack into depositional sequences. Cycles and sequences may be controlled by the
availability of accommodation space in response to long-term sea-level change, basin subsidence
and/or sediment supply (Chen et al., 2002; Goldhammer et al., 1990; Goldhammer et al., 1993;
Osleger and Read, 1991; Strasser et al., 1999). Carbonate cycles and sequences formed by
glacioeustatic sea-level changes may be regionally or even globally correlatable (Haq et al., 1988).
However, local processes such as differential subsidence, change in sedimentation rate, and basin
restriction/isolation may exert strong influence on cycles/sequences (Schlager, 1992; Vail, 1991).
When local signal overwrites glacioeustatic signal, cycles/sequences may have significant spatial
variations and may not be correlatable across the carbonate platforms and/or sedimentary basins.
Cyclicity represents an important property in carbonate successions. In relatively complete
(deep-water) carbonate successions, carbonate cycles may be used to establish the astronomical
time scale (ATS) that helps improve the chronostratigraphic resolution (Wu et al., 2018; Wu et al.,
2013). Economically, cycle tops and cycle boundaries of carbonate successions may be important
reservoirs of oil and gas and may control the migration pathways of hydrocarbon, groundwater,
and ore-bearing fluids (Cooke et al., 2006; Gaswirth et al., 2006; Wall, 2006).
In a stable carbonate platform, glacioeustatic sea-level change may exert a first-order
control on the formation of carbonate cycles (Sarg, 2001). Optimal conditions for the deposition
of platform carbonates to track sea-level changes may include long-term tectonic stability, flat
1

topography, and relatively slow deposition rate (Dronov and Holmer, 1999). These
conditions,
however, are not always satisfied. Therefore, carbonate cycles that do not track eustatic
sea-level changes become a common rather than a rare phenomenon (Benedictis et al., 2007;
Bosence et al., 2009; Hamon and Merzeraud, 2008; Wilkinson et al., 1998). For example, major
tectonic activity (Cretaceous volcanism) on the Adriatic Platform caused partial isolation of the
carbonate platform, creating localized paleogeographic change that disrupted the expected eustatic
sea-level change signal in carbonate cycles (Vlahović et al., 2005). The fast increase of subsidence
(up to 110 mm/yr) in the foreland basin of the Pliocene Hawaii Meri Platform led to the deepening
of the carbonate platform and loss of carbonate cyclicity (Galewsky et al., 1996). Carbonate cycles
of the Permian succession in the Delaware basin do not record the signal of eustatic sea-level
changes due to differential compaction from the overlying sediment loads (Hunt and Fitchen,
1999).
1.1 Local controlling factors on carbonate cyclicity
Differential tectonic subsidence may influence the cycle and cycle-stacking patterns in
carbonate platforms. For example, tectonic subsidence in foreland basins may be higher than that
on passive margins due to crustal bending in response to the thrust belt. However, the same thrust
may lead to uplift on the continental side of the foreland basin and back-budge subsidence. Such
tectonic events may lead to differential subsidence across the carbonate platform (Dorobek, 1995).
Normal faulting in carbonate platforms may generate local subsidence with carbonate cycle
formation, similar to those formed by sea-level changes (e.g., Benedictis et al., 2007; Bosence et
al., 2009; Hamon and Merzeraud, 2008).
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The differential influx of water and sediments (mainly siliciclastic) may change the
expression of carbonate cycles and their stacking patterns. Slow sedimentation in the absence of
sea-level change may result in the “deepening” of the carbonate platforms (Schlager, 1992). In
other cases, siliciclastic influx may slow down or even stop carbonate production, resulting in
“deepening” of the carbonate platform similar to the expression of sea-level transgression (e.g.,
Schlager, 1992; Vail, 1991). In some special cases, high suspension load in the surface water
column may limit light penetration and motivate reef builders to catch up with the photic zone by
accelerating reef-building processes on platform margins (Schlager, 1992; Vail, 1991).
Meter-scale cycles may vary across a carbonate platform in response to the magnitude of
sea-level change and basin isolation. The magnitude of sea-level change during greenhouse times
may be smaller than icehouse times. The smaller magnitude of sea-level change during warm
periods may not create enough accommodation space for carbonate accumulation. As a result,
some of the meter-scale cycles may amalgamate and lose the correlativity across the platform (e.g.,
Mcgowran et al., 1997). The restriction and isolation of a carbonate platform or the shelf areas of
a platform may also lead to differential responses to the same magnitude of sea-level change. For
example, a global sea-level rise of 10 m may locally increase the water depth up to 40 m (e.g.,
shelf lagoon), while in other places (e.g., marginal shoal complex) there may not be recordable
water-depth change. As a result, meter-scale cycles can only be recorded in depositional
environments that experience significant water-depth change, while in some shallow-water or
isolated regions the cyclility may only be partially recorded or not recorded (e.g., Jacobs and
Sahagian, 1993; Soreghan and Dickinson, 1994).
1.2 Three-dimensional modeling
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Three-dimensional modeling approaches are commonly used for deciphering the
stratigraphic variations across carbonate platforms and sedimentary basins (Cross and Lessenger,
1999; Watney et al., 1999). The purpose of 3D modeling is to use algorithms and numerical
methodology to simulate strata by integrating the tectonic and sedimentological processes such as
subsidence, sediment supply and sea-level change in the sedimentary basin. The 3D modeling uses
the sequence stratigraphic concept to understand the sedimentation processes in a variety of
depositional settings, but it has more advanced features than sequence stratigraphic models by
providing the details of internal variations of sedimentary units at different scales (e.g., Burgess et
al., 2012).
In carbonate depositional systems, 3D modeling has been used to simulate the large-scale
platform architecture as well as the relationship between platform geometry, sediment production
and transportation (e.g., Burgess et al., 2012). Many studies have successfully used 3D models to
predict the stratigraphic trends and spatial variations on carbonate ramps, shelves, and isolated
platforms. For example, Hüssner et al. (2001) developed a modified version of the 3D model,
REPRO, and successfully modeled the lateral facies changes and their three-dimensional spatial
variations on the late Miocene Llucmajor carbonate platform in Mallorca. Warrlich et al. (2002)
used 3D modeling to simulate the fluid migration history on an isolated carbonate platform that
provided insights about the climatic control on reservoir quality of carbonate deposits in isolated
platforms. Researchers have also used 3D models to predict the cycle stacking patterns across the
carbonate platforms and their response to 3rd- and 4th-order eustatic oscillations (Barnett et al.,
2002). At larger scales, 3D models were used to predict the fate of the unfilled accommodation in
carbonate platforms and its influences on the morphological change from a carbonate ramp to a
distally steepened carbonate platform (Tomás et al., 2010). Economically, 3D modeling of stratal
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architecture and their internal stacking patterns provide essential knowledge for quantitative
evaluation of fluid flow systems in ancient carbonate platforms, which is critical for petroleum
reservoir characterization (e.g., Whitaker et al., 2014).

1.3 Application of 3D modeling in middle ordovician strata of the southern Great Basin
The Middle Ordovician strata in many global sections have been correlated using sequence
and chemostratigraphy, including those in Baltoscandia (e.g., Ainsaar et al., 2010), Argentina (e.g.,
Schmitz et al., 2010) and China (e.g., Albanesi et al., 2013). The long-term tectonic stability of the
passive margin setting, flat topography and slow depositional rates of carbonate platforms in those
global localities allow the identification and correlation of some 4th-order eustatic cyclicity.
Recently, efforts have been made to correlate the eustatic sea-level cycles to the Ordovician strata
in the Great Basin (e.g., Diamond, 2013; Edwards and Saltzman, 2016; Leslie et al., 2011).
Although the lower part of the Middle Ordovician (Florian and Dapingian) was successfully traced
in most of the Great Basin sections, the Darriwilian interval was not well correlated across the
central and southern Great Basin. In this dissertation, my focus will be on the simulation and
correlation of the Darriwilian strata in the southern Great Basin using the 3D modeling techniques.
On the basis of simulation results, I will discuss the regional variability and controlling factors of
carbonate cyclicity across the Darriwilian carbonate platform. Finally, I will discuss the
implications and lessons learned from this modeling exercise and provide insights for future
improvement of the model.
The Darriwilian strata in the southern Great Basin show considerable spatial variability. In
eastern California (e.g., Nopah Range) and Nevada (e.g., Arrow Canyon, Pahranagat Range, Hot
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Creek, Lone Mountain), the Darriwilian strata are dominated by carbonates, with minor
sandy/silty/muddy carbonates. Exposure surfaces and karstic unconformities are found in these
successions (Cooper and Keller, 2001; Kosmidis, 2009; Williams, 2015). In western Utah (Ibex
Hills and Shingle Pass), the Darriwilian strata contain much more siliciclastic interbeds,
particularly mudstone and sandstones (Edwards and Saltzman, 2014). The karstic unconformities
documented from eastern California and Nevada (Cooper and Keller, 2001) seem not to be
traceable eastward in Utah, but a negative shift in both carbonate and organic carbon isotopes
(δ13Ccarb and δ13Corg) has been documented near the top of the Darriwilian strata in the southern
Great Basin (Edwards and Saltzman, 2014, 2016).
My dissertation research aims at developing a comprehensive 3D model using Petrel
Geomodelling Software (Schlumberger, 2010) for the Darriwilian strata in the southern Great
Basin. Lithostratigraphic, biostratigraphic, and stable isotope chemostratigraphic data from nine
sections including the Nopah Range (NR), Arrow Canyon Range (AC), Pahranagat Range (PR),
Shingle Pass (SP), Hot Creek (HC), Lone Mountain (LM), Monitor Valley (MV), Meiklejohn Peak
(MJ) and Ibex area (IH), are used as the correlation tools for establishing the initial stratigraphic
framework. The 3D model will help (1) predict the facies change within the stratigraphic
framework; (2) identify geometric (or topographic) change across the carbonate platform in the
southern Great Basin; and (3) the development of 3rd to 4th order cycles and their spatial variability
across the platform. The outcome of my study will provide a comprehensive view of facies
changes, cycle development, cycle stacking patterns and their spatial variability across the Middle
Ordovician carbonate platform in the southern Great Basin.
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Chapter 2
DATA COLLATION
2.1 Geologic background
The Great Basin area was located on the south and southwestern part of Laurentia during
the Ordovician, within 5° latitude above the equator (Scotese and McKerrow, 1990; Fig. 1). The
western and southwestern Laurentia were submerged, while portions of central Laurentia were
exposed (e.g., Cooper and Keller, 2001; Scotese and McKerrow, 1990). The Ordovician strata in
the southern Great Basin were deposited from a west-facing passive continental margin (Fig. 2).
The passive margin was developed over the rifted margin of late Neoproterozoic to early Cambrian
age (e.g., Levy and Christie-Blick, 1991; Dickinson, 2004; Finney and Ethington, 2000). The rift
to post-rift transition was thought to have happened during the early Cambrian (Bond et al., 1985),
but syndepositional faults were also documented during the middle Cambrian (Rees, 1986). From
late Cambrian to Devonian, the passive-margin deposits were dominated by carbonates, except for
the Late Ordovician Eureka Quartzite that was widespread across the Great Basin (e.g.,
Manspeizer and Cousminer, 1988; Stanley et al., 1977). The passive margin setting changed to a
foreland basin during the Antler orogeny (Late Devonian–Early Mississippian) when the Roberts
Mountains allochthon thrust over the west-facing continent margin (e.g., Finney and Ethington,
2000; Giles and Dickinson, 1995). Thrusting and crustal shortening continued during the Mesozoic
Sonoma orogeny and Mesozoic-Cenozoic Laramide orogeny (e.g., Dickinson, 2004). Cenozoic
crustal extension formed the Basin and Range Province in the Great Basin, leading to the exposure
of Ordovician strata in a series of mountain ranges in California, Nevada, and Utah.
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2.2 Data collation
The Darriwilian stratigraphic and isotope data for the 3D modeling were collected from
nine sections in California, Nevada, and western Utah (Table 1), including, Arrow Canyon
(Williams, 2015), Meiklejohn Peak (Diamond, 2013; Krause, 2001), Ibex Hills (Edwards and
Saltzman, 2014, 2016), Shingle Pass (Edwards and Saltzman, 2014, 2016), Monitor Valley
(Kosmidis, 2009; Saltzman and Young, 2005), Pahranagat Range (Kosmidis, 2009), Lone
Mountain (Hollis, 1987; Kosmidis, 2009), Hot Creek (Kosmidis, 2009) and Nopah Range (Cooper
and Keller, 2001). Among these, the isotope data of the Ibex Hills were analyzed in this study and
compared with those by Edwards and Saltzman (2014, 2016) in adjacent areas. Except for
Meiklejohn Peak and Shingle Pass sections, isotope data of the other sections were unpublished
data from Dr. Jiang’s previous students (Kosmidis, 2009; Williams, 2015). Sedimentological and
stratigraphic data were first summarized from literature and then checked in the field, particularly
for the facies associations and formation thicknesses. The unconformity below the Eureka
Quartzite was used as a reference surface when measuring the sections.
2.2.1 Arrow Canyon Range section (AC)
The Arrow Canyon section (AC; Fig. 3) is located on the western side of the Arrow Canyon
Range, about 48.5 miles northwest of Las Vegas, NV. Ordovician strata are well exposed,
represented by the 727-m-thick Early to Middle Ordovician Pogonip Group carbonates (Pogonip
B to F), 33-m-thick Middle-Late Ordovician Eureka Quartzite, and 121-m-thick Late Ordovician
Ely Springs dolomites (Table 1). The Pogonip Group in Arrow Canyon shows continuous
deposition without substantial unconformities (Langenheim Jr et al., 1962).
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Diverse species of brachiopod, bivalves and gastropods have been documented from the
Pogonip Group, but these fossils could not provide precise age constraints for the epoch and stage
boundaries, particularly for the upper part of the section. The appearance of calcareous algae
Receptaculites sp. in the upper Pogonip Group permits a correlation with the late Darriwilian to
early Sandbian strata of the Ibex sections in western Utah, where the ages are better defined
(Langenheim Jr et al., 1962; Saltzman and Young, 2005). The Darriwilian–Sandbian age of the
upper Pogonip Group in Arrow Canyon is consistent with the overlying Eureka Quartzite that is
of Chatfieldian–Edenian age in the southern Great Basin (e.g., Druschke et al., 2009).
The upper Pogonip Group in Arrow Canyon records multiple transitions from deep subtidal
(DST) to shallow subtidal (SST), to supratidal (ST), and to shallow marine sandstone (SMS)
(Williams, 2015). The shallow subtidal are the most dominant facies that appear at multiple
horizons as thick beds (up to 50 m) in the lower half of the section. The deep subtidal facies are
less frequent and thinner (< 20 m) than the shallow subtidal facies in the Pogonip Group. The deep
subtidal facies dominate the lowermost portion of this unit and commonly appear as less than 15m-thick intervals. The shallow marine sandstone represents less than 7% of the upper Pogonip
Group and increases in both thickness and frequency near the top of this unit towards the Eureka
Quartzite.
The carbon isotope (δ13Ccarb) compositions of the Dapingian-Darriwilian portion of the
Pogonip Group show two major trends (Williams, 2015): the lower 100 m of the section has
invariable δ13Ccarb values of –1.9‰ and the upper 75 m has lower δ13Ccarb values, with an average
of –2.7‰ (Fig. 3). A positive shift in δ13Ccarb is present in the topmost 10 m of the Pogonip Group,
with near 0‰ values immediately below the Eureka Quartzite/Pogonip Group contact. The oxygen
isotopes (δ18Ocarb) fluctuate around –6.7‰. However, the uppermost 10 m of the Pogonip Group
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has higher δ18Ocarb values around –2.5‰ directly below the basal unconformity of the Eureka
Quartzite (Williams, 2015).
2.2.2 Meiklejohn Peak section (MJ)
The Meiklejohn Peak section (MJ; Fig. 4) is located about 121 miles northwest of Las
Vegas, NV, at the northeast corner of Bare Mountain (Krause, 2001; Miller et al., 2012). The
Middle Ordovician (Darriwilian) strata in this section are represented by the Antelope Valley
Limestone (Table 1) with a thickness of ~250 m (Harris, 1979). The lower member of the Antelope
Valley Limestone (AVL_LM) has an early Darriwilian age confirmed by the first appearance of
conodont species H. holodentata (Harris, 1979; Ross, 1972). The middle member of the Antelope
Valley Limestone (AVL_MM) is of middle Darriwilian age confirmed by conodont E. suecicus.
The upper member of the Antelope Valley Limestone (AVL_UM) has the late Darriwilian age
determined by conodont species B. gerdae.
The Antelope Valley Limestone in Meiklejohn Peak was deposited from shallow subtidal
(SST), deep subtidal (DST) and supratidal (ST) depositional environments (Krause, 2001; Miller
et al., 2012). The shallow subtidal facies consists of 54.2% of the section and is the dominant facies
of the AVL_UM. Deep subtidal deposits are less abundant, occupying 17.7% of the study section.
Those are present mainly in the middle portion of the AVL_MM and the lower part of the
AVL_UM. Supratidal facies represent 11.5% of the whole section and are mainly present in the
middle part of the AVL_UM.
The δ13Ccarb values of the AVL_MM vary from –0.3‰ to –2.13‰ (Diamond, 2013). A
positive shift in δ13Ccarb from –2.13‰ to 0.4‰ occurs at the upper half of the AVL_MM and the
lower half of the AVL_UM. Following the positive shift, another negative shift in δ13Ccarb from
0.3‰ to –2.13‰ is present at the upper half of the AVL_UM (Fig. 4). Oxygen isotope composition
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shows a similar pattern. The majority of the AVL_MM and AVL_UM has δ18Ocarb values from –
8‰ to –4.5‰, followed by a decrease of δ18Ocarb from –4.5‰ to –8‰ in the topmost 27 m of the
AVL_UM (Diamond, 2013).
2.2.3 Ibex Hills section (IH)
The Ibex section (IH; Fig. 5) is located in the western flank of the Barn Hills in western
Utah, about 50 miles west of Delta, UT, and 6 miles south of Highway 6. The Ordovician strata in
this section consist of 500-m-thick carbonates and siliciclastic of the Pogonip Group. The Pogonip
Group in this area is composed of five formations (Ross, 1997), from bottom to top, the Juab
Formation (Arenigian to early Floian), the Konosh Shale (middle Floian), the Lehman Formation
(late Floian to early Dapingian), the Watson Range Formation (late Dapingian to early Darriwilian)
and the Crystal Peak Formation (late Darriwilian).
The age of the Pogonip Group in the Ibex section is determined by the well-studied
conodont zones that have been correlated with those from the midcontinent sections and other
successions globally (Ethington, 1981). The lower Pogonip Group is of Arenigian age determined
by the occurrence of conodont A. deltatus. The Floian age of the Pogonip Group is determined by
the appearance of R. andinus, while the end of the Floian and the start of Dapingian are determined
by the appearance of T. laevis. The early Darriwilian is confirmed by the appearance of conodont
species H. sinuosa and H. holodentata.
During the Ordovician, the Ibex section was paleogeographical located within supratidal
(ST) and deep subtidal (DST) environments with frequent shallow marine sandstone (SMS) at the
top of the section (Fig. 5). The shallow marine sandstone (SMS) dominate the uppermost 200 m
of the Pogonip Group and appear as 15–25-m-thick intervals in the Watson Range and Crystal
Peak formations. The supratidal facies dominates the middle part of the measured section, mainly
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in the Lehman Formation, and appear as 20–25-m-thick intervals in the Watson Range and the
Crystal Peak formations, alternating with the shallow marine sandstone (SMS). The deep subtidal
facies are present in the lower 150 m of the Juab Formation and cover the entire 38-m-thick Kanosh
Shale Formation.
More than 300 samples were collected from this section in the field and 250 samples were
selected for isotope analyses. Samples were cleaned with DI water. After the samples were dried,
10–15 mg carbonate powders were drilled from a relatively homogenized, fresh spot for isotope
analyses. Sample powders (50–200 µg) were loaded into vials and reacted with orthophosphorous
acid for ten minutes at 70 °C in the Kiel IV Carbonate Device to generate purified CO2. Purified
CO2 was transferred to the dual-inlet Finnigan Delta V Plus Mass Spectrometer for carbon and
oxygen isotope analysis. Analytical reproducibility was better than 0.08‰ for both δ13Ccarb and
δ18O values, as monitored by an internal standard (USC-1). Sample preparation and isotope
analyses were conducted at the Las Vegas Isotope Science laboratory (LVIS), UNLV.
The δ13Ccarb data of the Pogonip Group in the Ibex Hills section shows two patterns (aslo
see Edwards and Saltzman, 2014, from an adjacent section). The lower-middle part of the Pogonip
Group (Juab, Konosh Shale, and Lehman formations) has stable δ13Ccarb values of –1.5‰, with
no significant fluctuation. The upper part of the Pogonip Group (Watson Range and Crystal Peak
formations) has significantly lower δ13Ccarb values (average δ13Ccarb = –3.5‰). The δ18Ocarb values
show moderate variations, changing from –8.4‰ in the lower part of the Juab Formation to –
7.0‰ in the lower Crystal Peak Formation. However, the upper Crystal Peak Formation has
significantly high δ18Ocarb values (around –4.0‰).
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2.2.4 Shingle Pass section (SP)
The Shingle Pass section (SP; Fig. 6) is located in the southern Egan Range, about 12 miles
south of Lund, Nevada and ~2 miles east of Highway 318. The Ordovician strata of the Pogonip
Group in Shingle Pass are close to 1,000 m thick. The Pogonip Group here consists of, in ascending
order, the ~550-m-thick Parker Spring Formation (Tremadocian), the ~400-m-thick Shingle
Limestone (late Tremadocian to early Floian), the ~79-m-thick Konosh Shale Formation (late
Dapingian to early Darriwilian), and the ~210-m-thick Lehman Formation of middle to late
Darriwilian (Edwards and Saltzman, 2014).
The age of the Pogonip Group in the Shingle Pass section is determined by the well-studied
conodont biostratigraphy (Sweet, 1997). The Tremadocian (Early Ordovician) is marked by the
first appearance of C. lindstromi in the lower part of the Parker Spring Formation. The early Floian
age is determined by the appearance of R. andinus in the lower part of the Shingle Limestone. The
presence of T. lavis in the upper Shingle Limestone marks the transition from late Floian to early
Dapingian. The presence of H. sinuosa marks the transition from late Dapingian to early
Darriwilian and the presence of H. holodentata in the Lehman Formation marks the Darriwilian
age below the Eureka Quartzite.
Four major facies (facies associations) were identified from the Pogonip Group in the
Shingle Pass Section. Shallow subtidal (SST) facies dominate the section. The deep subtidal (DST)
facies are also common and appear as up to 50-m-thick intervals. The deep subtidal lagoon (DSTL)
facies (5.9%) are mainly representative of the Konosh Shale Formation (Edwards and Saltzman,
2014). The shallow marine sandstone (SMS) is present as thin (<10 m) intervals in the upper part
of the Pogonip Group marking the transition to the Eureka Quartzite.

13

The δ13Ccarb values of the Pogonip Group in the Shingle Pass section show some significant
changes (Edwards and Saltzman, 2014). Invariant δ13Ccarb values of –1.6‰ dominate the early
Tremadocian to the early Floian. A slight increase in δ13Ccarb from –1.6‰ to 0.2‰ occurs in the
middle Floian. A significant decrease in δ13Ccarb from 0.2‰ to –2.6‰ is documented from the late
Floian to early Darriwilian. Fluctuated δ13Ccarb values between –3‰ and –2‰ characterize the
middle Darriwilian and an increase up to –1.6‰ is present in the late Darriwilian. The oxygen
isotope values are stable (–8.5‰) throughout the majority of the section from Tremadocian,
Floian, Dapingian to early Darriwilian. However, the late Darriwilian shows a significant increase
in δ18Ocarb, with –4‰ values near the top of the Pogonip Group (Edwards and Saltzman, 2014).
2.2.5 Monitor Valley section (MV)
The Monitor Valley section (MV; Fig. 7) is located in the Copenhagen Canyon at the
eastern side of the Monitor Range, central Nevada. The section consists of thick Ordovician–
Devonian carbonate-rich strata. The Ordovician strata in this section have three formations
(Saltzman and Young, 2005; Ethington, 1981): the Lower Ordovician Ninemile Limestone (41 m),
the Middle Ordovician Antelope Valley Limestone (>300 m) and Copenhagen Formation (61 m).
The age of the Antelope Valley Limestone is of early to middle Darriwilian determined by the
presence of conodont species rhysostrophia, Acondiodus nevadensis, and Belodina monitorensis
(Ethington and Schumacher, 1969). A late Darriwilian age of the Copenhagen Formation is
determined by the appearance of conodont species of anomalorithis, undantus-tenuis and
histodiodella.
The Lower to Middle Ordovician Ninemile and Antelope Valley formations are mainly
composed of 2–3-m-thick beds of yellowish to dark grey weathered silty shale interbedded with
5–6-m-thick fossiliferous nodular grainstone. The Ninlemile Formation and Antelope Valley
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Limestone were mainly formed in a shallow subtidal (SST) depositional environment. Limestone
beds decrease in the Copenhagen Formation and gradually change to supratidal (ST) environments
before the overlying Eureka Quartzite, which consists mainly of shallow marine sandstone
(Saltzman and Young, 2005).
The δ13Ccarb of the Ninemile and Antelope Valley formations in the Monitor Valley section
shows four major trends (Saltzman and Young, 2005; Fig. 7): (1) δ13Ccarb fluctuates around –0.5‰
in the lower Ninemile Formation; (2) δ13Ccarb decreases from –0.5‰ to –1.0‰ at the NinemileAntelope Valley Limestone transition; (3) An increase in δ13Ccarb from –1.0‰ to –0.6 ‰ is present
in the middle Antelope Valley Limestone; and (4) δ13Ccarb decreases from –0.6‰ to –1.6‰ in the
uppermost 100 m of the Antelope Valley Limestone. The δ13Ccarb values show an abrupt increase
to peak values of 2.5 ‰ in the Copenhagen Formation. The δ18Ocarb values show two major trends:
the lower Antelope Valley Limestone has low δ18Ocarb values around –13‰, while the upper
Antelope Valley Limestone and the Copenhagen Formation have higher δ18Ocarb values around –
5‰ (Kosmidis, 2009).
2.2.6 Pahranagat Range section (PR)
The Pahranagat Range section (PR; Fig. 8) is located on the western edge of the Pahranagat
Range, Lincoln County, ~177 miles northwest of Las Vegas, NV. Thick (up to 6,000 m) Paleozoic
(Cambrian to early Pennsylvanian) strata are outcropped on the western side of the mountain range.
The middle Ordovician strata in the PR section are represented by the 1400-thick Pogonip Group
(Hintze, 1951). The sampled portion of the Pogonip Group includes the Antelope Valley
Limestone (80 m), Copenhagen Formation (10 m) and Eureka Quartzite (Kosmidis, 2009).
The age of the Pogonip Group in this section is not precisely defined due to the lack of
fossils. However, previous work commonly correlated the Lower Member of the Pogonip Group
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in the PR section to the House Limestone Formation in the southern Egan Range (Byers Jr et al.,
1961). These authors also correlated the Middle Member of the Pogonip Group in the Pahranagat
Range to the Konosh Shale, Goodwin Limestone and Ninemile Limestone in the Eagan Range,
based on the presence of calcareous algae Receptaculites sp. in these sections.
The Darriwilian part of the Pogonip Group in the PR section is dominated by deep subtidal
(DST) to supratidal (ST) facies. The deep subtidal facies are present at the upper 20 m and lower
40 m of the measured section (Kosmidis, 2009). The deep subtidal facies are present at the interval
20–40 m below the Eureka Quartzite, characterized by interbeds of argillaceous shale and
bioclastic wackestone. The contact between the Pogonip Group and the Eureka Quartzite seems to
be transitional, with a few meters of mixed carbonate and sandstone below the Eureka Quartzite
(Kosmidis, 2009).
The δ13Ccarb values of the upper Pogonip Group in the PR section show three features
(Kosmidis, 2009): a decrease in δ13Ccarb from –1.0‰ to –3.0‰ in the lower 20 m of the measured
section, an increase from –3.0‰ to –1.5‰ in the middle 30 m (10 to 40 m), and an increase from
–1.5‰ to ~0.0‰ in the uppermost 10 m, close to the Eureka Quartzite/Pogonip boundary. The
δ18Ocarb values are around –8‰ through most of the section, except for the uppermost 5-6 meters
that show an increase from –8‰ to –3‰ towards the Eureka Quartzite/Pogonip boundary.
2.2.7 Lone Mountain section (LM)
The Lone Mountain section (LM; Fig. 9) is located about 20 miles east of the town of
Eureka in central Nevada. Only the Middle and Upper Ordovician strata are well exposed on the
west side of the Lone Mountain. The Middle Ordovician Antelope Valley Limestone is
unconformably overlain by the Eureka Quartzite, followed by Upper Ordovician through
Devonian strata (Hollis, 1986). Fossils including Recepitculites sp., Gastropod Maclurites, and
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crinoid, trilobite, echinoderm fragments were found from the Antelope Valley Limestone, roughly
defining its age as Dapangian–Darriwilian (Hollis, 1986).
The Antelope Valley Limestone in this section is comprised mainly of wackestone and
packstone, with some grainstone interbeds. The carbonate-rich strata were deposited from the
shallow subtidal (SST) to supratidal (ST) environments (Fig. 9). The shallow subtidal facies
consist of mainly packstone and wackestone, while the supratidal facies are composed of
wackestone with lime mudstone interbeds. The uppermost part of the measured section contains a
few meter-scale shallowing-upward cycles capped by bioclastic grainstone (Kosmidis, 2009).
Isotope analyses were conducted only for the uppermost 30 m of the measured section
(Kosmidis, 2009). The lower 17 m has δ13Ccarb of –0.7‰ and the upper 13 m toward the basal
Eureka Quartzite has lower δ13Ccarb values of –2.5‰ to –4.7‰. The oxygen isotopes show abrupt
meter-scale fluctuations between –0.8‰ and –4.0‰.
2.2.8 Hot Creek Canyon section (HC)
The Hot Creek Canyon section (HC; Fig. 10) is located within the Hot Creek vicinity,
central Nevada, about 13 miles south of Lund, west of Highway 318. The Lower–Middle
Ordovician Pogonip Group in this section consists of four formations including, from bottom to
top, the Goodwin, Ninemile, Antelope Valley Limestone, and Copenhagen formations. The focus
of this study is the upper Antelope Valley Limestone and the Copenhagen Formation. The age of
the Antelope Valley Limestone and Copenhagen Formation is assigned as Middle Ordovician
(Dapingian–Darriwilian) on the basis of trilobite fossils Gervamilla, Multicostella rectangulata
and Sowerbyella Merriami (Lowell, 1965). The Antelope Valley Limestone in this section consists
of bioclastic packstone and wackestone that may have been deposited from shallow subtidal (SST)
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shoal complex. The Copenhagen Formation is composed of dolomitic wackestone and lime
mudstone, with laminated silty limestone suggesting deposition from the supratidal environments.
The δ13Ccarb increases from –1.5‰ to 0.5‰ at the uppermost 50 m of the Antelope Valley
Limestone. The overlying Copenhagen Formation has slightly more negative δ13Ccarb values from
–0.5‰ to –1.5‰. An abrupt decrease of δ13Ccarb from –1.5‰ to –2.5‰ is present 5 m below the
Eureka Quartzite/Copenhagen Formation contact. The oxygen isotope composition of the
Antelope Valley Limestone does not show many temporal variations (δ18Ocarb = –4.6‰). However,
the topmost 5 m of the Copenhagen Formation has much lower δ18Ocarb down to –11‰ (Kosmidis,
2009).
2.2.9 Nopah Range section (NR)
The Nopah Range section (NR; Fig. 11) is located on the west flank of the Nopah Range
near Pahrump, eastern California. Early to Middle Ordovician strata in the Nopah Range include
four formations of the Pogonip Group, from bottom to top, the Goodwin Formation (300 m),
Ninemile Formation (75 m), Antelope Valley Limestone (100 m) and Eureka Quartzite (63 m).
The age of these units is determined by conodont species of Histiodella, Multioistodus, Scolopodus
sp., and Oistodus linguatus (Miller and Zilinsky, 1981).
Abundant karstic breccias are found from the Pogonip Group in the Nopah Range. The
karstic breccias appear as 10–30-m-thick intervals in the lower 250 m of the Pogonip Group.
Supratidal (ST) facies composed of dolomudstone, wackestone and minor siltstone/sandstone are
also common, consisting of ~26% of the stratal thickness. Shallow subtidal (SST) facies composed
of bioclastic grainstone and packstone form 15–30-m-thick intervals, particularly in the lower 100
m of the Pogonip Group. Sandstone/siltstone consists of 13% of the Pogonip Group; they appear
as 5–10-m-thick beds, mainly in the upper 200 m of the Pogonip Group (Cooper and Keller, 2001).
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The depositional environments of the Pogonip Group in this section include shallow subtidal (SST)
and tidal flats sandstone (TFS), with perhaps occasional shelf margin and slope deposits during
transgressional events.
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Chapter 3
METHODOLOGY
3.1 Strata modeling and significance
Strata modeling integrates all available data (outcrop, drillcore, geophysical, and
geochemical) to support decision making on a specific property of interest. In this dissertation, my
main purpose is to simulate the facies distribution and isotope variations across the Middle
Ordovician carbonate platform. Using the facies and isotope data from nine sections, the modeling
can help visualize the litho- and chemo-stratigraphic framework in 3D so that sedimentary cycles
and isotope changes across the carbonate platform (350×350 square miles) can be temporally and
spatially displayed. Using appropriate interpolation and extrapolation methods, the established 3D
models can reveal potential inter-section variations across large-scale carbonate platforms that can
be used to evaluate existing hypotheses about carbonate deposition and cycle development. The
modeled results also form the basis for testing the sequence and chemostratigraphic concepts in
future research.
3.2 Modeling procedure for Middle Ordovician strata in the Great Basin
3.2.1 Data preparation
In this study, most of the litho-, chemo- and biostratigraphic data are collected from
literature but are checked with field observations (Chapter 2). Among these, the carbon and oxygen
isotope data from the Ibex Hill section are obtained during this study. Prior to modeling, the GPS
coordinates of all sections were precisely marked on Google Earth and modified to the applicable
grids in the modeling software (Table 2; Fig. 12). To present the lithology in the 3D grid, lithology
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data in each section were converted into numerical values (Table 3). The same procedure was
applied to facies associations in each section (Table 4). Lithology, facies associations, and isotope
data were converted into numerical codes and listed in excel files (Tables 3 and 4). Numerically
converted data were examined to avoid the unusual spikes caused by the lack of data in some
intervals or mismatch of data between physical and chemostratigraphic correlation in literature.
Digitized data were normalized using scale-unified templates (Figs. 3–11) and loaded into the
Petrel Geo-modelling software.
3.2.2 Grid creation (Gridding)
Grid creation (gridding) subdivides a three-dimensional volume into evenly or unevenly
sized grid cells. The gridding process must ensure the coverage and transformation of unevenly
distributed dataset in an efficient and organized form of data representation. To create efficient
grids for the middle Ordovician dataset, grid creation uses the following rules: (1) the grid window
(boundary) was set as a semi-cubic (cuboid) shape with the grid boundary coordination (Table 5;
Fig. 12). The grid window within this dimension is large enough to cover the spatial and lateral
extent of the middle Ordovician strata in the study area; (2) the grid resolution (the number of cells
in x, y, and z directions) is set at 170 × 120 × 251, or a total of 5,120,400 3D cells (Table 5; Fig.
12). After a few comparable tests, this grid resolution is sufficient to cover the expected lateral
property variations (e.g., facies and isotopic composition) between measured sections; and (3) the
cells in the z-direction were grouped into distinct zones and subzones to facilitate the modeling.
This zonation process is based on the available age constraints from bio- and chemostratigraphic
data (see Chapter 4 for further discussion).
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3.2.3 Data interpolation
The geostatistical analysis is used to interpolate the sample points from different locations
of a landscape to create a continuous surface in the geological context. In this study, a Moving
Average geostatistical method is used to interpolate the dataset of middle Ordovician strata. The
moving average method predicts data values for unknown cells in the 3D grid based on the known
cells, following the algorithm:
𝑝(𝑥, 𝑦, 𝑧) =

1
∑(𝑤𝑖 ∗ 𝑞𝑖 )
𝑤

Where p represents the unknown value of the cell in the location (𝑥, 𝑦, 𝑧) ; 𝑞𝑖 refers to the values
of the known cells (taken from measured sections in the 3D model); and 𝑤𝑖 is the weight (power
of influence) of the known cell values on the unknown cell. The moving average algorithm uses
the distance between the known cells and the unknown cell as the weighting criterion (𝑤𝑖 ). The
𝑤 is the sum of all weights (distances) from cell p defined by the coordinate (𝑥, 𝑦, 𝑧). The
significance of using the moving average algorithm to interpolate data points has been discussed
in many other studies (e.g., Agterberg, 2012; Cressie and Pavlicová, 2002; Krivoruchko and
Gribov, 2004; Ver Hoef and Peterson, 2010): (1) this algorithm will not create values for the
unknown cells beyond the minimum and maximum values of the known dataset; (2) the algorithm
distinguishes the major trends of the sampled data from abrupt, noisy fluctuations (particularly for
isotope dataset); (3) this algorithm does not need co-trends to guide the interpolation process like
seismic amplitude or velocity; and (4) this algorithm is simple and fast (works within minimal
computing capacity).

22

3.2.4 Results and quality check
Results of the 3D modeling are presented as 3D figures showing the spatial and temporal
variations of the middle Ordovician strata in the southern Great Basin. The 3D figures include
information about the texture (mudstone, wackestone, packstone, and grainstone), depositional
environments (deep subtidal lagoon–DSTL, deep subtidal–DST, shallow subtidal–SST, intertidal–
IT, supratidal–ST, and shallow marine sandstone–SMS), and isotopic compositions (δ13C and
δ18O). Two-dimensional cross-sections, roughly in the NE-SW orientation, were extracted from
the 3D modeling results to show the internal variations in lithology, depositional environment,
cyclicity, and isotopes across the study area. The modeled results were compared with the original
field data (Figs. 3–11) to ensure the validity of the modeling procedure.
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Chapter 4
CHEMOSTRATIGRAPHY
The purpose of chemostratigraphic modeling for the Darriwilian strata is to visualize and
demonstrate the temporal and spatial variations of carbon and oxygen isotopes (δ13Ccarb and
δ18Ocarb) in the southern Great Basin. The δ13Ccarb and δ18Ocarb records in individual sections may
suffer from an incomplete stratigraphic record (e.g., unconformities), diagenetic alteration, and/or
isotopic departure from average seawater signature in local depositional environments. Through
comparison of the globally recognized Darriwilian isotope records with those from the southern
Great Basin, the modeled results will demonstrate the similarities and differences in δ13Ccarb and
δ18Ocarb across the Middle Ordovician carbonate platform in the western United States.
4.1 Darriwilian δ13Ccarb variations in the southern Great Basin
The Darriwilian δ13Ccarb curve is well known globally including the Middle Darriwilian Isotopic
Composition Excursion (MDICE). The Darriwilian δ13Ccarb curve including MDICE was
recognized in Volkhov, Kunda and Tallinn formations of Baltoscandia (Ainsaar et al., 2010). The
MDICE is also documented in the Guniutan Formation of the Yangtze Platform and correlated to
the Baltoscandia sections (Schmitz et al., 2010). In South America, the MDICE was present in the
Las Chacritas Formation of the Precordillera Platform in Argentina and has also been correlated
to the Baltoscandia δ13Ccarb curve (Albanesi et al., 2013). In this study, we obtained δ13Ccarb profiles
of the Darriwilian strata from a few sections in the southern Great Basin, including sections in
Arrow Canyon (Fig. 3), Meiklejohn Peak (Fig. 4), Ibex Hills (Fig. 5), Shingle Pass (Fig. 6),
Monitor Valley (Fig. 7), Pahranagat Range (Fig. 8), Lone Mountain (Fig. 9) and Hot Creek (Fig.
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10). In comparison with the standardized Darriwilian δ13Ccarb record (Fig. 13), the δ13Ccarb record
from the Great Basin sections shows apparent temporal and spatial variations.
The standardized Darriwilian δ13Ccarb record (Fig. 13) is characterized by three distinct
zones. The Dapingian to Early Darriwilian strata (BC1 to BC2; 470–467 Ma) has relatively low
δ13Ccarb values in the range of –0.5‰ to 1.0‰. The Middle Darriwilian strata (BC3 to BC4; 467–
458 Ma) show a positive δ13Ccarb excursion with the highest δ13Ccarb values reaching up to 2‰.
The Late Darriwilian to Sandbian strata (BC5; 458–453 Ma) has low δ13Ccarb values of -0.5‰ to 1.0 ‰. The term “BC” refers to the Baltoscandia carbon isotope record obtained from the epeiric
sea of the Baltoscandia Platform. In this study, the BC1 to BC5 interval represents the Darriwilian
part of the δ13Ccarb record from Baltoscandia (BC1 to BC17; Ainsaar et al., 2010) that has been
widely used by international researchers.
The δ13Ccarb profiles (Figs. 3–10) are used as input for three-dimensional modeling of the
Darriwilian δ13Ccarb variations in the southern Great Basin. The isotope values were uploaded into
the Petrel 3D modeling software using text format (file name .txt). Loaded δ13Ccarb data were
plotted against depth, with the zero-depth representing the base of the Eureka Quartzite (Fig. 14A).
I recognize that using an unconformity as a datum has potential limitations due to the potential
erosion and stratigraphic hiatus along the unconformity, but this is the most obvious horizon that
is physically traceable in the study area. Interpolation and extrapolation process for all δ13Ccarb data
was performed using the moving average method (Chapter 3). Results were presented as a
comprehensive 3D model showing δ13Ccarb variations across the southern Great Basin (Fig. 14B).
Also, five NE-SW cross-sections were extracted from the modeled δ13Ccarb output to visualize the
internal δ13Ccarb variations (Fig. 14C).
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The modeling results (Figs. 14B and C) show that the southwestern regions of the study
area have a δ13Ccarb pattern similar to that of the standardized Darriwilian δ13Ccarb curve. For
example, there are three stratigraphically distinct δ13Ccarb zones: relatively low values in the lower
part, high values in the middle, and low values in the upper part (Figs. 14B and C). The first zone
(purple to dark-blue color) has low δ13Ccarb values ranging from –2‰ to –1‰ that dominate the
lower 100 to 125 m of the sections. Although the absolute δ13Ccarb values of this zone are about
1‰ lower than that of the Early Darriwilian values in Baltoscandia, the trend seems to be
correlatable with BC1 and BC2 (Fig. 13). The second zone (light blue color) has slightly higher
δ13Ccarb values between 0‰ and 1‰ that dominate the middle part from 150 to 200 m of the
southwest sections (Fig. 14B and C), which may be correlatable with BC3 to BC4 of the Middle
Darriwilian δ13Ccarb record (Fig. 13), but again the absolute δ13Ccarb values are 1–2‰ lower. The
third zone (purple color) show low δ13Ccarb values around –2‰ and characterize the uppermost
20–50 m of the Darriwilian strata below the Eureka Quartzite. This zone may be correlatable with
BC5 of the standardized Darriwilian curve.
In the northern region near Hot Creek and Lone Mountain sections, the δ13Ccarb patterns are
only partially preserved. The lower zone (purple color) may be correlatable with BC1 and BC2,
and the upper part (light blue) may be correlatable with the middle Darriwilian BC3. In this case,
the Upper Darriwilian BC4 and the low values of BC5 are absent possibly due to the erosion at the
base of the Eureka Quartzite. Alternatively, the lack of the upper portion of the BC record could
be due to isotope changes related to local environmental changes or diagenetic alteration. In this
case, the upper part (light blue color) of the northern sections may be physical stratigraphically
correlatable with the BC3–BC5, but their isotope values record local departure from seawater
signature or diagenetically modified signature. In the eastern region of the study area in Utah, most
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δ13Ccarb values fall in the range of ≤ –2‰ (purple color). The face values seem to be correlatable
with the Early Darriwilian BC1 and BC2, implying that the Middle-Upper Darriwilian strata are
missing in the eastern region. However, biostratigraphic data suggest that the physical stratigraphic
units extend to the Upper Darriwilian (Fig. 5). Therefore, it is more likely that the persistently low
δ13Ccarb values in the eastern region may record isotope signature controlled by local depositional
environments, for example, low δ13Ccarb values in restricted environments such as the back-barrier
shelf lagoon (Fig. 2).
4.2 Darriwilian δ18Ocarb variations in the Southern Great Basin
The oxygen isotope composition of the Darriwilian seawater was summarized from
hundreds of brachiopod shells and conodonts collected from multiple Darriwilian strata worldwide
(Qing and Veizer, 1994; Trotter et al., 2008; Giles, 2012). The δ18Oshell of brachiopods is
considered a standardized record for the Darriwilian seawater because (1) the δ18Oshell show a
positive shift indicative of global cooling, which is consistent with the positive δ13Ccarb excursion
at the Middle Darriwilian (i.e., the MDICE); (2) trace element analysis and petrographic
examination of the brachiopod shells confirmed minimum diagenetic alteration; (3) similar δ18Ohell
values were recorded from different brachiopods species indicating low vital effect during the
fractionation process associated with shell growth; and (4) overall, the δ18Ohell data show a trend
similar to that of the δ18Oapatite from well-preserved conodonts (Trotter et al., 2008). The δ18Oshell
of Darriwilian seawater shows a steady increase from –8.6‰ at the Dapingian-Early Darriwilian
to about –5.8‰ at the Early Sandbian (Fig. 15).
The δ18Ocarb profiles (Figs. 3–10) are used as input for three-dimensional modeling of the
Darriwilian δ18Ocarb variations in the southern Great Basin. The δ18Ocarb data were converted to text
format and uploaded into Petrel 3D modeling software (file name .txt). Loaded δ18Ocarb data were
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plotted against depth, with the zero-depth at the base of the Eureka Quartzite (Fig. 16A).
Interpolation and extrapolation process for all δ18Ocarb data was performed using the moving
average method. Results were presented in a 3D format showing δ18Ocarb variations in the southern
Great Basin (Fig. 16B). Besides, five NE-SW cross-sections were extracted from the 3D model
results to demonstrate the internal δ18Ocarb variations (Fig. 16C).
The modeled δ18Ocarb results of the Darriwilian strata reveal the following features (Fig.
16B and C). The western and southwestern regions of the southern Great Basin have δ18Ocarb trends
similar to that of the Darriwilian seawater (δ18Oshell). The δ18Ocarb values from the Nopah Range,
Meiklejohn and Hot Creek (partial) sections show an increase from about –7.0±0.5‰ in the Early
Darriwilian (dark blue color) to –3.0±1.0‰ (light yellow color) at the top of the Darriwilian.
However, the δ18Ocarb values in the other regions of the southern Great Basin do not show an
increasing trend comparable with that of the Darriwilian δ18Oshell. For example, the sections in the
northern region have δ18Ocarb values increasing from–4.0±1.0‰ (light blue color) near the base to
about –3‰ (light green color) at the top. The magnitude of δ18Ocarb changes is also much smaller
than that of the δ18Oshell. In the sections of the eastern region (western Utah), the δ18Ocarb values
are lower than those of the other regions, showing an increase from –8.0±1.0‰ (dark blue color)
at the base to –6.0±1.0‰ (light blue color) at the contact immediately below the Eureka Quartzite
(Fig. 16B and C). Again, the magnitude of δ18Ocarb changes is much smaller than that of the δ18Oshell
values.
4.3 Chemostratigraphic implications
With the available data from a few sections (Figs. 3–10), the modeled results show large
variations in both δ13Ccarb and δ18Ocarb. The modeling procedure used the moving average of both
δ13Ccarb and δ18Ocarb data and extrapolates values in grid cells to demonstrate the isotope variations.
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Both δ13Ccarb and δ18Ocarb values are lower than those of standardized Darriwilian curves. Some of
the low δ13Ccarb and δ18Ocarb values may have been caused by intensive bioturbation and organic
matter respiration (e.g., Patterson and Walter, 1994), such as those from the eastern region.
Meteoric diagenetic alteration along the basal Eureka Quartzite unconformity may have also
contributed to lower seawater δ13C and δ18O values, particularly in proximal areas of the eastern
region towards the platform interior (e.g., Immenhauser et al., 2003).
The regional variation of both δ13Ccarb and δ18Ocarb in the southern Great Basin raises
questions about using data from a single section for regional and global stratigraphic correlation.
Both δ13Ccarb and δ18Ocarb values and trends (in the southern Great Basin) differ from those of the
standardized Darriwilian curves. The southern regions of the Great Basin may have the most
complete stratigraphic record, followed by the northern regions which possibly show only Early
to Middle Darriwilian strata. Although the fossil record does not clearly show the truncation of
biozones, the isotopic record indicates an erosion at the base of the Eureka Quartzite in the eastern
regions (Fig. 17). The spatial isotope variations in the southern Great Basin could have also been
a result of local facies changes and/or diagenetic alteration of both δ13Ccarb and δ18Ocarb values, but
in this case, it is expected that the general temporal trend would be preserved because there is no
evidence so far for complete isolation of the Darriwilian carbonate platform from the open ocean.
Thus, I interpret that the lack of the Middle-Late Darriwilian isotope trend in the northern and
eastern regions may have resulted from differential erosion at the basal Eureka Quartzite
unconformity (Fig. 17). This interpretation is consistent with earlier studies about the Ordovician
stratigraphy in the Great Basin that demonstrated westward thickening of the Middle-Late
Ordovician strata in the Great Basin (e.g., Cooper et al., 2001).
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Chapter 5
FACIES CHANGE AND PLATFORM EVOLUTION
With the chemostratigraphic framework modeled in chapter 4, in this chapter I model the
facies change and Darriwilian carbonate platform evolution. Particularly, I used the
lithostratigraphic data collected in different sections across the platform (Fig. 3-12) and used the
ẟ13C chemostratigraphic data to correlate the measured sections (e.g., BC-1 to BC-5 in Figs. 13
and 17). Lithological data were first converted to digital format using numerical numbers assigned
to mudstone (0 to 1), wackestone (1 to 2), packstone (2 to 3), grainstone (3 to 4) and sandstone
and brecciated limestones (4 to 5). Numerical lithologic data were then placed with depth from the
datum—the base of the Eureka Quartzite, inspected for numerical errors and uploaded to the Petrel
3D modeling software using the method outlined in chapter 3 (Fig. 18). Using the moving average
geostatistical method, data points among the sections were extrapolated into 3D grid cells for each
of the BC1–BC5 intervals (Fig. 19).
5.1 Facies changes
With the litho- and chemostratigraphic framework (Figs. 18 and 19), I input the facies
associations into the models. Facies associations were interpreted based on the descriptions of the
original literature for each section and my observations in the field. There are seven facies
associations identified on the basis of lithological variations, sedimentary structures, and fossils
contents: (1) deep subtidal facies association composed of lime mudstone and wackestone, with
parallel laminations and shaly partings indicative of depositional below fair-weather wave base;
(2) deep subtidal lagoonal facies association composed of lime mudstone, wackestone, and thin
shale beds with intensive bioturbation and well-preserved fossils beds; (3) shallow subtidal facies
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association composed of mainly bioclastic, oolitic, and oncolitic grainstone and packstone with
hardground, indicative of deposition above fair-weather wave base; (4) intertidal facies association
composed of thinly bedded lime mudstone, microbialites and wackestone with siltstone and
packstone interbeds; (5) supratidal facies association composed of lime mudstone/wackestone with
siltstone/sandstone interbeds and localized brecciation (karstic breccia); (6) tidal flat sandstone
and limestone facies association composed of interbedded sandstone and limestone with local
occurrence of cross laminations; and (7) shallow-marine sandstone facies association composed
of medium- to thick-bedded quartz arenites (this facies association refers to the lower Eureka
Quartzite; Druschke et al., 2009).
The modeling results show significant facies change across the Darriwilian carbonate
platform in the southern Great Basin (Fig. 20). In general, the northern and eastern areas are
dominated by shallow-water facies (mostly intertidal to supratidal), while the southern regions
show frequent facies changes from BC1 to BC5. During BC1 and BC2, facies show a general
pattern that deepened from the north-northeast towards the southern region. During BC3 and BC4,
however, the southern area was dominated by shallow-water facies (supratidal and intertidal),
implying that this region may have been uplifted tectonically or shallowed by the fast growth of a
shelf margin shoal complex. During BC5, facies changed back to the southward-deepening trend
similar to that of BC1-BC2 but had more inter-platform facies variations. The modeled facies
change suggests that even in a carbonate platform that was developed in a passive continental
margin (Levy and Christie-Blick, 1991), sedimentary facies distribution and platform morphology
may not be as stable as previously thought.
To better demonstrate the facies change within each of the BC1-BC5 intervals, a snapshot
of the top of each BC interval is displayed (Fig. 21). At the top of BC1, the majority of the southern
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Great Basin was dominated by supratidal facies. Intertidal to subtidal facies were present as
isolated patches only in the eastern area. This facies pattern suggests that at the top of BC1, the
carbonate platform was mostly exposed, with isolated depression locally developed in the eastern
region. At the top of BC2, the central part of the study area was possibly exposed (mostly supratidal
facies), while the southern and northeastern areas had intertidal to subtidal deposits. At the top of
BC3 and BC4, shallow and deep subtidal facies dominated the southern region and the platform
was partially exposed. The top of BC5 shows the formation of a shelf lagoon in the middle part of
the platform. All these features suggest that the topography of the Darriwilian carbonate platform
changed through time.
5.2 Cycles and sequences
Carbonates are shallow-water precipitates and their deposition is sensitive to water depth
change of the depositional environments. Global sea-level change (or glacial eustasy) exerts a firstorder control on the water-depth change in most carbonate platforms and thus the cyclicity of
carbonate successions (e.g., Sarg, 1988; Read, 1995; Turner et al., 2012), although examples of
tectonically- or productivity-controlled cycles have also been reported (e.g., Algeo et al., 1991;
Isern and Anselmetti, 2001; Benedictis et al., 2007).
The expression of carbonate cycles, however, varies according to the paleogeographic
location, even if they were formed during the same transgressive-regressive sea-level cycle (e.g.,
Soreghan and Dickinson, 1994). For example, carbonate cycles formed in shelf environments may
be symmetric, with a deepening-upward followed by a shallowing-upward trend recording sealevel transgression and regression, respectively. In contrast, carbonate cycles formed in nearshore
peritidal environments are commonly expressed as “shallowing-upward cycles” without the
deepening-upward portion (e.g., Spence and Tucker, 2007; Eberli, 2013). When the water depth is
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very shallow, e.g., in supratidal-intertidal dominated environments, carbonate cycles may be
amalgamated and the carbonates deposited from such environments may become “non-cyclic”.
Similarly, when the water depth is too deep (e.g., below the storm wave base), carbonates may be
insensitive to sea-level changes and become “non-cyclic” (e.g., Soreghan and Dickinson, 1994;
Beavington et al., 2006). In these “non-cyclic” intervals, only large-scale cycles or sequences (e.g.,
multimillion-year cycles or third-order sequences) may be recorded.
To visualize the variation of cycles in the Darriwilian carbonate platform, I utilized the
lithological logs and facies distribution to model the cycle stack patterns (Fig. 22). The results
show that meter-scale cycles are well-developed in the southern areas but they show temporal
variations. The thicknesses of cycles in BC3 and BC4 (10–15 m) are larger than those of BC1,
BC2, and BC5 (6–10 m). In the north and northwest regions, meter-scale cycles are absent (most
likely amalgamated) and only large-scale cycles (sequences) with a thickness of 20–50 m are
recorded. Based on the thickness of the Darriwilian strata and duration of this interval, the 20–50m-thick cycles recorded in the northern areas are most likely third-order cycles (sequences) with
durations longer than one million years (e.g., Sarg, 1988).
The cyclostratigraphy of the southern Great basin is compared with the Darriwilian global
sea-level change curve (Fig. 23A; Haq and Schutter, 2008). During the early Darriwilian, the
average global sea-level was roughly 100 m higher than the present-day sea-level. A major
Darriwilian sea-level rise happened at ca. 464 Ma, with a magnitude of >150 m. Subsequent sealevel changes with the magnitude of 50–100 m occurred at 462 Ma, 461 Ma, 460 Ma and 458 Ma
(Fig. 23 A). The major sea-level rise at ca. 464 Ma and subsequent sea-level fall seem to correlate
well with the major changes in cycle thickness and facies patterns in BC3-BC4 across the entire
platform (Fig. 23B). The subsequent, smaller-magnitude global sea-level cycles at 462Ma, 461Ma,
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460Ma and 458Ma are also well recorded in sections of the southern region, for example, NR
(Nopah Range), MJ (Meiklejohn Peak), and AR (Arrow Canyon) sections. However, these sealevel cycles are not all present in the northern sections such as the HC (Hot Creek), LM (Lone
Mountain), and MV (Monitor Valley) sections. The absence of some third-order cycles in this
region could have resulted from erosion and amalgamation of cycles in shallow-water
environments, but it could also be due to insufficient sedimentological data that limits the cycle
interpretation in this region. For example, the Lone Mountain section has a detailed
sedimentological description for the uppermost 60 m and the rest of the section was based on a
much brief lithological description. Future work in this region aiming at a more comprehensive
cyclostratigraphic study should be able to test this uncertainty.
5.3 Platform evolution
The western United States including the Great Basin area was a rifted margin during the
late Neoproterozoic and by the time of middle Cambrian, the rifted margin developed into a passive
margin that characterized the entire Early Paleozoic up to latest Devonian (e.g., Levy and ChristieBlick, 1989, 1991; Fedo et al., 2001). The Middle Ordovician Darriwilian carbonate platform was
developed in a passive margin that is expected to have limited thermal subsidence and stable
platform morphology with predictable facies patterns. During times of an open shelf, peritidal
facies are expected in the proximal areas towards the east and deep subtidal outer shelf facies
should dominate the western regions. During times of a rimmed carbonate shelf, a shoal complex
or reef complex is expected in the shelf margin, separating the shelf lagoon in the east and the
slope/basin in the west.
The 3D modeling of facies and cycles in the Darriwilian carbonate platform show
significant temporal and spatial variations (Figs. 20–23). Spatially, the north-northwest areas seem
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to have much shallower-water deposits than the southwest regions, while the eastern regions
display more localized facies variation. The southwest areas of the platform near the Nopah Range
(NR) and Meiklejohn Peak (MJ) seem to have the most complete record and show significant
temporal variations in both facies and cycle stacking patterns. During BC1-BC2, the carbonate
platform was likely an open shelf that deepened towards the southwest. Facies and cycles show an
increase in water depth towards the outer shelf (e.g., NR and MJ). However, during BC3-BC4, the
southwest area seems to have uplifted to deposit shallow-water facies (e.g., Fig. 20); shelf lagoonal
facies were developed in the eastern area and supratidal facies in the northwest area. The thickness
of cycles also increases at the BC3-BC4 interval in NR, AR and MJ sections, suggesting that local
subsidence (fault-controlled?) happened in the southern area.
The significant spatial and temporal facies variations suggest that carbonate platforms
developed in passive continental margins may not be as stable as shown in many textbook models.
The change from a relatively stable facies pattern of BC1-BC2 to variable facies of BC3-BC4 may
record a local tectonic event that increased the subsidence in the southern region, which needs to
be studied in the future. Localized syndepositional faulting in carbonate platforms are not
uncommon and fault-controlled meter-scale cycles have been documented from the Albian
(Cretaceous) strata of north-west Spain (Rosales et al., 1994) and the Miocene of the Gulf of Suez
(Bosence et al., 1998; Cross et al., 1998). Such examples, however, have been mostly documented
from rift basins with active faulty activities. There are few examples so far that have documented
fault-controlled carbonate cycles in passive continental margins, which remains a future research
direction.
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Chapter 6
SUMMARY
Integrating field and subsurface data into 3D modeling represents a common practice for
evaluating the volume and migration pathways of natural resources. Since 2000, a huge amount of
new oil and gas reserves has been discovered due to the integration of field data with 3D
characterization tools. There is, however, still limited practice in using the same 3D modeling
techniques to understand the mechanisms behind complex facies distribution in dynamic carbonate
platforms. In this dissertation I attempted to reconstruct a platform-scale 3D model with a specific
focus on the control of platform morphology on facies distribution.
The modeling procedure started with compilation of lithology, facies associations, δ13Ccarb
and δ18Ocarb data in nine sections in Utah, Nevada and California. A 3D-grid was constructed with
appropriate resolution and a moving average algorithm was used for data interpolation between
sections. The chemostratigraphic variations were modeled and compared with the representative
δ13Ccarb and δ18Ocarb curves of the Darriwilian Stage. Within the chemostratigraphic framework,
facies and cycles were modeled to reveal spatial variations across the Darriwilian carbonate
platform in the southern Great Basin.
The modeled results show that facies associations in the southern Great Basin are mainly
controlled by changing platform morphology during the Darriwilian. For example, the
southwestern regions of the Darriwilian platform show frequent facies fluctuations from deep
subtidal to supratidal facies. These areas best record the meter-scale cycles. In contrast, the
northern and eastern parts of the platform are dominated by intertidal and supratidal facies. In
these regions, meter-scale cycles may have been amalgamated and are not well recorded. The
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spatial and temporal change in cyclicity may record the morphological change of the carbonate
platform, either by the fast growth of shelf margin shoal complex or a tectonic event.
The 3D-modeling technique I learned from this work will be helpful for characterizing
potential reservoirs and migration pathways of hydrocarbon resources. For example, the
distribution of shallow subtidal carbonate and sandstone facies are typical petroleum reservoirs;
their three-dimensional distribution in a carbonate platform is critical for quantifying the amount
of petroleum resources at regional scales. Organic-rich, deep subtidal lagoonal facies could be
important source rocks. Secondary porosity created along cycle/sequence boundaries may help
understand the connectivity of porous reservoirs and fluid migration pathways.
There are a few lessons and challenges learned from this modeling practice. First, the
quality and resolution of input data need to be standardized during the data collection stage.
Because the facies and isotope data were not fully produced in this study, data resolution and
quality differ in some sections. This led to some data gaps that require insertion of data points
based on features from overlying and underlying strata. In the future, I will test the modeling with
well log data (that has similar quality and resolution among sections) from a carbonate platform.
Second, the model needs to be more dynamic and have field tests. One test needs to be done is
that, removing the data from any of the nine sections, the model should reproduce the field data
based on the input of the other eight sections. I have tested one of them and it seems predictable,
but I have not tested all of the sections yet. The other test needs to be done is to choose a few new
field sites to test if the model prediction fits the real field data. Third, the current models used equal
dimension cell size for the grid—that means the entire area was treated as equally important.
However, in some cases particularly in petroleum industry, some areas may be more important
than others. This may require to design differential density of grid cells. Lastly, I only had virtual
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and mathematical checks on the 3D models in this study. In real life resource evaluation, 3D
models need to be adjusted frequently when additional data from new wells and/or outcrops
become available.
The experience I gained from this study will benefit my future career in petroleum industry.
The 3D modeling techniques provide insights into scientific reasoning behind facies distribution
in carbonate platforms. When it applies to the petroleum system, it will help me quantitatively
estimate the total volume of targeted facies (reservoirs) across the carbonate platform or
sedimentary basins. In future practices, I will test and improve the models in areas where well log
and seismic data are available. The lessons learned from this study will also help me implement
the protocol for data collection, improve the algorithms for grid design and data extrapolation, and
perform field tests.
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Tables and Figures

Table 1. Lithostratigraphic correlation of the Middle Ordovician (Dapingian to Darriwilian) strata
across the southern Great Basin in Nopah Range (NR; Cooper and Keller, 2001; Miller and
Zilinsky, 1981). Arrow Canyon (AC; Druschkel et al., 2009; Langenheim Jr et al., 1962; Williams,
2015). Meiklejohn (MJ; Diamond, 2013; Miller et al., 2012, Ross Jr., 1972). Pahranagat Range
(PR; Byers Jr. et al., 1961; Hintze, 1951; Kosmidis, 2009), Hot Creek (HC; Kosmidis, 2009;
Lowell,1965), Lone Mountain (LM; Kosmidis, 2009; Hollis, 1987), Monitor Valley (MV;
Ethington, 1981; Kosmidis, 2009; Ross et al., 1997; Saltzman and Young, 2005), Shingle Pass
(SP; Ross et al., 1989; Sweet & Tolbert, 1997; Edwards and Saltzman, 2014) and Ibex Hills (IH;
Edwards and Saltzman, 2014, Ethington, 1981; Ross Jr., 1972) and this study.
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Section Name

Section Symbol

X-Coordinate

Y-Coordinate

(degrees)

(degrees)

Nopah Range

NR

36° 05' 28”

116° '02' 54”

Meiklejohn

MJ

37° 59' 34”

116° 36' 14”

Arrow Canyon

AC

36° 47' 45”

114°37' 19”

Pahranagat Range

PR

37° 27' 53”

115°19' 02”

Shingle Pass

SP

38° 39' 45”

114° 52' 12”

Hot Creek

HC

38° 35' 02”

116° 21' 24”

Lone Mountain

LM

39° 02' 26”

115° 54' 48”

Ibex Hills

IH

39° 37' 19”

115°57' 31”

Monitor Valley

MV

39° 32' 21”

116° 35' 31”

Table 2. The GPS coordinates of the study sections in the southern Great Basin.

Code

Texture

1

Mudstone

2

Wackestone

3

Packstone

4

Grainstone

5

Shoreface Sandstone

Table 3. Carbonate and siliciclastic texture codes used for modeling.
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Code

Depositional environments

0

Shallow-marine sandstone (SMS)

1

Tidal flat sandstone (TFS)

2

Supratidal (ST)

3

Intertidal (IT)

4

Shallow subtidal (SST)

5

Deep subtidal/lagoon (DSTL)

6

Deep subtidal/shelf/slope (DSTS)

Table 4. Depositional environment codes used for modeling.

Axis

Min

Max

X-Coordinates

36° 03’ 50”

40° 28’ 50”

Y-Coordinates

113° 59’ 00”

116° 59’ 00”

Number of Cells (nX x nY x nZ)

170 x 120 x 251

The total number of 3D cells:

5120400

Table 5. Grid Boundary and the number of cells created for modeling the middle Ordovician strata
in the southern Great Basin.
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Figure 1. Study sections in eastern California, Nevada, and western Utah, with their
paleogeographic location in the southwestern Great Basin during the Middle Ordovician (Cooper
and Keller, 2001; Scotese and McKerrow, 1990).
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Figure 2. Depositional model for the Middle Ordovician (Darriwilian) strata across the southern
Great Basin in California, Nevada, and western Utah (Gunn, 1998; Williams, 2015).
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Figure 3. Stratigraphy, depositional environments and isotope composition of the Middle
Ordovician (Dapingian-Darriwilian) strata in Arrow Canyon (AC). Data are from Druschkel et al.
(2009), Langenheim Jr et al. (1962), and Williams (2015). The Arrow Canyon section shows
shallow subtidal (SST), deep subtidal (DST) and supratidal (ST) at the top with transitional facies
to shallow marine sandstone (SMS) of the Eureka quartzite.
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Figure 4. Stratigraphy, depositional environments and isotope compositions of the Middle
Ordovician (Darriwilian) strata in Meiklejohn Peak (MJ), Nevada. The data are from Diamond
(2013), Miller et al. (2012), and Ross Jr. (1972). The Meiklejohn sections show shallow subtidal
(SST), deep subtidal (DST) and supratidal (ST) environments with transitional facies to shallow
marine sandstone (SMS) of the Eureka quartzite.
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Figure 5. Stratigraphy, depositional environments and C-O isotope compositions of the middle
Ordovician strata in the Ibex Hills section (IH), western Utah. Data are summarized from Edwards
and Saltzman (2014), Ethington (1981), Ross Jr. (1972), and this study. The Ibex Hills section
shows transitions from deep subtidal (DST) to supratidal (ST) with frequent appearance of shallow
marine sandstone (SMS).
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Figure 6. Stratigraphy, depositional environments and isotope profiles of the Middle Ordovician
strata from the Shingle Pass section (SP). Data are summarized from Ross et al. (1989), Sweet &
Tolbert (1997), Edwards and Saltzman (2014). The Shingle Pass section shows alternations of
shallow subtidal (SST) to deep subtidal (DST) through most of the section and shallow marine
sandstone (SMS) of the Eureka formation.
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Figure 7. Stratigraphy, depositional environments and isotope compositions of the middle
Ordovician strata in the Monitor Valley section (MV), central Nevada. Data are collected from
Ethington (1981), Kosmidis (2009), Ross et al. (1997), and Saltzman and Young (2005). The
Monitor Valley section shows shallow subtidal (SST) at the bottom and supratidal (ST) at the top
which capped with shallow marine sandstone (SMS) of the overlying Eureka Quartzite.
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Figure 8. Stratigraphy, depositional environments and C-O isotope compositions of the Middle
Ordovician strata in the Pahranagat Range section (PR). Data are from Byers Jr. et al. (1961),
Hintze (1951), and Kosmidis (2009). The Pahranagat section shows deep subtidal (DST) for most
of the section with minor supratidal (ST) appearance in the middle section.
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Figure 9. Stratigraphy, depositional environments and C-O isotope compositions of the Middle
Ordovician strata from the Lone Mountain section (LM). Data are summarized from Kosmidis
(2009) and Hollis (1987). The Lone Mountain section shows alternation of supratidal (ST) and
shallow subtidal (SST) environment with transitional facies to shallow marine sandstone (SMS)
of the overlying Eureka Quartzite.
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Figure 10. Stratigraphy, depositional environments and C-O isotope compositions of the Middle
Ordovician strata in the Hot Creek section (HC). Data are from Kosmidis (2009) and Lowell
(1965). The Hot Creek section show dominance of supratidal environment (ST) with shallow
subtidal (SST) in the middle section.
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Figure 11. Stratigraphy, depositional environments of the middle Ordovician strata in the Nopah
Range section (NR). Data are from Cooper and Keller (2001) and Miller and Zilinsky (1981). The
Nopah Range section shows shallow subtidal (SST) for most of the section, with frequent
appearance of tidal flat sandstone (TFS), which increases at the top of the section then transitioned
to the shallow marine sandstone (SMS) of the overlying Eureka formation.
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Figure 12. Three-dimensional view of the 3D grid creation that covers the sections of the
middle Ordovician strata in the southern Great Basin area. (A) Overview for a 3D grid
showing 170 cells in the x-direction and 120 cells in the y-direction. (B) Side view for a
3D grid showing 251 cells in the z-direction.
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Figure 13. The carbon isotopic composition of the Darriwilian seawater summarized from the
Baltoscandia sections (modified after Ainsaar et al., 2010) showing the Middle Darriwilian
Isotopic Composition Excursion (MDICE) and its pre- and post-excursion δ13Ccarb record. The
isotope profile is divided into 5 distinct intervals (BC1 to BC5).
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Figure 14. Modeling the Darriwilian δ13Ccarb variations in the southern Great Basin. (A) δ13Ccarb
data profiles generated from (Figs. 3–10). (B) 3D-modeling results showing that in the
southwestern regions, the temporal δ13Ccarb patterns are similar to that of the standardized δ13C
curve in Baltoscandia, while in the northern and eastern regions, only the Early-Middle Darriwilian
and Early Darriwilian δ13Ccarb patterns are present, respectively. (C) Five NE-SW cross-sections
sliced from the 3D-modeled results showing internal variations in δ13Ccarb.
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Figure 15. The oxygen isotope record of the Darriwilian seawater summarized from brachiopod
shells (δ18Oshell; modified from Qing and Veizer, 1994) showing the stepwise increase of δ18Oshell
from early Darriwilian (low δ18Oshell ) to the late Darriwilian (high δ18Oshell ).
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Figure 16. Modeling the Darriwilian δ18Ocarb variations in the southern Great Basin. (A) δ18Ocarb
data profiles loaded into Petrel software. (B) 3D modeling results show that in the southwestern
regions, the δ18Ocarb has the temporal variation similar to that of the standardized δ18Oshell curve,
while in the northern and eastern regions, only the Early-Middle Darriwilian and Early Darriwilian
δ18Ocarb patterns are present, respectively. (C) Five NE-SW cross-sections showing internal
variations in δ18Ocarb.

57

Figure 17. Hypothesized stratigraphic framework of the Darriwilian strata below the unconformity
at the base of the Eureka Quartzite, based on carbon and oxygen isotope chemostratigraphy. The
western and southwestern regions may have a complete stratigraphic record of BC1, BC2, BC3,
BC4 and BC5. The thickness of strata decreases toward the north and east where portions of the
BC intervals (BC2–BC5) may have been eroded at the basal Eureka Quartzite unconformity. This
stratigraphic pattern is consistent with previous studies in which the authors suspected the potential
absence of upper Darriwilian strata in the Pahranagat section and eastward (e.g., Aitken, 1966;
Aitken, 1978; Cooper et al., 2001).
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Figure 18. Lithologic data across the Darriwilian carbonate platform in the southern Great Basin
including Arrow Canyon (AC), Meiklejohn Peak (MJ), Ibex Hills (IH), Shingle Pass (SP),
Monitor Valley (MV), Pahranagat Range (PR), Lone Mountain (LM) and Hot Creek (HC). The
yellow interval at the top marks the Eureka Quartzite, the base of which is used as the datum for
stratigraphic correlation.
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Figure 19. Lithostratigraphic variations of the Darriwilian carbonate platform in the southern
Great Basin during BC1, BC2, BC3, BC4 and BC5. The lithostratigraphic variations suggest that
the platform morphology changed through time.
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Figure 20. Three-dimensional model for facies changes across the Middle Ordovician
(Darriwilian) carbonate platform in the southern Great Basin. During BC1 and BC-2, facies show
a general pattern that deepened from the north-northeast towards the southern region. During BC3
and BC4, however, the southern area was dominated by shallow-water facies (supratidal and
intertidal), implying that this region may have been uplifted tectonically or shallowed by the fast
growth of a shelf margin shoal complex. During BC5, facies changed back to the southward
deepening trend similar to that of BC1-BC2 with more facies variations. The modeled facies
change suggests that even in carbonate platforms of passive margins, sedimentary facies and
platform morphology may not be as stable as commonly thought.
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Figure 21. Modeled facies change within each of the BC1-BC5 intervals. At the top of BC1, the
majority of the southern Great Basin was dominated by supratidal facies. Intertidal to subtidal
facies were present as isolated patches only in the eastern area. This facies pattern suggests that at
the top of BC1, the carbonate platform was mostly exposed. At the top BC2, the central part of the
study area was possibly exposed (mostly supratidal facies), while the southern and northeastern
areas had intertidal to subtidal deposits. At the top of BC3 and BC5, shallow and deep subtidal
facies dominated the southern region and the platform was partially exposed. The top of BC5
shows the formation of shelf lagoon in the middle part of the platform. All these features suggest
that the topography of the Darriwilian carbonate platform changed through time.
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Figure 22. Variation of carbonate cycles across the Darriwilian carbonate platform in the southern
Great Basin. Meter-scale cycles are well-developed in the southern areas but they show temporal
variations. The thicknesses of cycles in BC3-BC4 are larger than those of BC1, BC2, and BC5. In
the northern and northwest regions, meter-scale cycles are not obvious (amalgamated) and only
large-scale cycles (sequences) are recorded.
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Figure 23. Correlation between (A) the Darriwilian global sea-level change curve (Haq and
Schutter, 2008) with the modeled cyclostratigraphy in the southern Great Basin (B). The major
eustatic sea-level change at ca. 464 Ma seems to be well recorded with the shallowing and
subsequent deepening cycles in BC3 and BC4. However, the smaller-magnitude of sea-level
change at 462 Ma, 461 Ma, 460 Ma and 458 Ma is only fully recorded in the southern regions such
as the NR (Nopah Range), MJ (Meiklejohn Peak), and AR (Arrow Canyon) sections. In the
northern regions such as HC (Hot Creek), LM (Lone Mountain), and MV (Monitor Valley)
sections, these third-order cycles (sequences) are not well recorded, implying incomplete
stratigraphic record by erosion and/or insufficient sedimentological data that limit the cycle
interpretation.
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